The cytoskeletal organization of detached and circulating tumor cells (CTCs) is currently not well defined and may provide potential targets for new therapies to limit metastatic tumor spread. In vivo, CTCs reattach in distant tissues by a mechanism that is tubulin-dependent and suppressed by polymerized actin. The cytoskeletal mechanisms that promote reattachment of CTCs match exactly with the mechanisms supporting tubulin microtentacles (McTN), which we have recently identified in detached breast tumor cells. In this study, we aimed to investigate how McTN formation is affected by the microtubule-associated protein, tau, which is expressed in a subset of chemotherapy-resistant breast cancers. We demonstrate that endogenous tau protein localizes to McTNs and is both necessary and sufficient to promote McTN extension in detached breast tumor cells. Tauinduced McTNs increase reattachment of suspended cells and retention of CTCs in lung capillaries. Analysis of patient-matched primary and metastatic tumors reveals that 52% possess tau expression in metastases and 26% display significantly increased tau expression over disease progression. Tau enrichment in metastatic tumors and the ability of tau to promote tumor cell reattachment through McTN formation support a model in which tau-induced microtubule stabilization provides a selective advantage during tumor metastasis.
Introduction
Metastatic growth is the leading cause of death among cancer patients. Unfortunately, current cancer regimens that are successful in treating primary tumors have limited success in controlling metastatic disease (Steeg, 2006) . For breast cancers, metastases can develop years after primary tumor resection. As the manner by which these metastases develop remains controversial, evidence suggests that systemic spread may be an early event in breast cancer and not exclusive to the established model of late-onset metastasis from large primary tumors (Husemann et al., 2008) . Although much remains to be understood regarding the mechanisms of metastasis, evidence indicates that a target for anti-metastatic drug development is circulating tumor cells (CTCs; Steeg and Theodorescu, 2008) . Predominantly, epithelial cell dissemination into the microvasculature leads to death by anoikis or necrosis by shear forces-termed metastatic inefficiency (Weiss, 1991; Yamauchi et al., 2006) . This is not true for CTCs. In addition to apoptosis resistance, metastatically efficient CTCs possess cytoskeletal aberrations that grant tolerance to the morphological deformations that are required during dissemination (Hall, 2009) .
Cytoskeletal rearrangements that affect cancer progression have been identified in each cytoskeletal system (actin, microtubules and intermediate filaments) and their accessory factors (Thomas and Brugge, 1997; Mialhe et al., 2001; Willipinski-Stapelfeldt et al., 2005; Hall, 2009) . Recently, attention has been given to microtubule-associated proteins (MAPs) as predictors of chemotherapy sensitivity and patient relapse (McGrogan et al., 2008) . MAPs function throughout the cell cycle to modulate microtubule dynamics (Cassimeris and Spittle, 2001) . Consequently, MAP expression can affect greatly the efficacy of microtubule-targeted therapies, such as the antimitotic drugs, Vinca alkaloids and taxanes (Bhat and Setaluri, 2007) . To identify predictive markers of pathologic complete response to paclitaxel (Taxol) in breast cancer patients, the MAP tau was identified as the most differentially expressed gene .
Tau is part of the MAP2 family, which promote microtubule assembly through increased nucleation, increased stabilization and reduced catastrophes (Weingarten et al., 1975; Cassimeris and Spittle, 2001) . Classically, tau is characterized as a neuronal MAP, where it is involved in neurite outgrowth and tauopathies (Goedert, 2004) . In cells attached to extracellular matrix (ECM), tau promotes the extension of microtubule-based neurite-like protrusions, even in nonneuronal cell types (Knops et al., 1991) . As tau expression has been studied in attached cells and in breast cancers for its contribution to chemotherapy resistance, the role of tau in detached cells, such as CTCs, is uninvestigated.
Detached human and mouse mammary epithelial and breast carcinoma cell lines produce dynamic microtubule-based extensions of the plasma membrane, termed microtentacles (McTNs), which are enhanced by actin depolymerization and reduced by microtubule depolymerization (Whipple et al., 2007) . In addition, McTNs facilitate reattachment of detached cells to ECM and to other cells (Whipple et al., 2007) . In vivo studies demonstrate that CTCs bind to capillary walls by a mechanism that matches the microtubule dependence of McTNs and is similarly increased by reducing actin polymerization (Korb et al., 2004) . We have revealed that McTNs are persistent in apoptotically resistant and highly metastatic cell lines and are enriched in detyrosinated microtubules and vimentin (Whipple et al., 2007 (Whipple et al., , 2008 . Given cancer heterogeneity, we asked whether McTNs form by other pathways in tumor cells that lack vimentin. Tau became a strong candidate to influence McTN formation, as it affects microtubule stability and is reported in chemoresistant breast cancers (Cassimeris and Spittle, 2001; Rouzier et al., 2005) . In this study, we report that tau promotes McTN formation and the reattachment of detached human mammary tumor cells, resulting in greater trapping and retention in the lung microvasculature. Furthermore, in 26% of patients, tau is enriched in metastatic breast tumors compared with matched primary tumors. This supports a model in which increased McTNs and reattachment efficiency of tau-expressing tumor cells provides a selective advantage to CTCs during metastasis.
Results
Breast tumor cell lines that express tau form more McTNs Tau was evaluated in the breast tumor cell lines Sk-Br-3, MCF-7, BT-20, ZR-75-1 and HCC1428. Expression was compared with primary human mammary epithelial cells and the non-tumorigenic cell lines 184A1, 184B5 and MCF-10A (Figure 1 ). Tau western blots revealed a broad molecular weight range concomitant with increasing expression level as the metastatic potential of cell lines increased. Multiple molecular weight varieties were present in BT-20, ZR-75-1 and HCC1428 (Figure 1a ). Densitometry analysis of tau western blots revealed a range of tau protein expression from a 0.3-fold change for Sk-Br-3 up to a 27-fold change for HCC1428 when normalized to MCF-10A.
We then tested the hypothesis that cell lines that highly express tau also generate more McTNs. It was revealed that tau protein expression directly correlated with a greater frequency of McTNs in a population of breast tumor cells (Figure 1b) . Notably, the population of HCC1428 cells possessed a significantly higher McTN frequency compared with all of the cell lines of lower tau expression. In addition, populations of ZR-75-1 cells Figure S1 -S2). Previously, we described vimentin as a mediator of McTN formation (Whipple et al., 2008) . Western blotting confirmed that tau and vimentin are not extensively co-expressed (Supplementary Figure S3) .
Tau increases McTN frequency and alters McTN morphology
To confirm that tau expression directly promotes McTN formation, cells of lower tau expression were transiently co-transfected with a membrane-targeted green fluorescent protein (GFP) vector and either a vector encoding a 50-kDa untagged tau protein possessing three microtubule-binding repeats (Supplementary Figure S4) Tau expression significantly affects initial reattachment of suspended cells As McTN formation has been shown to greatly influence reattachment of suspended cells (Whipple et al., 2007 (Whipple et al., , 2008 , we evaluated the efficiency of suspended cell reattachment as a consequence of tau expression. MCF-7 cells stably expressing GFP-tau, designated MCF-7tau1 and MCF-7tau2 (Supplementary Figure S5 ), and siTau1 and siTau2, were assessed for cell-substratum reattachment and compared with the parental control cells. MCF-7tau1 and MCF-7tau2 cells attached more efficiently than the parental MCF7 cells. By 1 h, 200 and 180% more MCF-7tau1 and MCF7tau2 cells attached, respectively (Figure 4a ). For tau knockdown cells, siTau1 and siTau2, cell attachment was significantly impaired compared with parental control ZR-75-1 cells (Figure 4b ). At 1 h, 68 and 42% less siTau1 and siTau2 cells attached compared with control, respectively. In addition, attachment efficiency of siTau2 was significantly less than siTau1, matching the differences observed in McTN formation (Figure 3b ).
Tau-expressing cells are more efficiently trapped and retained in the microvasculature Given that tau greatly enhances the reattachment efficiency of detached cells, we tested whether CTCs that express more tau would more efficiently trapped and retained in the first capillary bed that they encounter. To test this, MCF-7tau1 and MCF-7 cells stably expressing GFP alone (MCF-7GFP) were stably infected with a retroviral luciferase vector. Resultant clones, MCF-7tau1-luc and MCF-7GFP-luc, were intravenously injected into the tail vein of athymic nude mice and tracked for bioluminescence signal in the lungs using a Xenogen IVIS-200 whole-animal optical imager (Caliper Life Sciences, Hopkinton, MA, USA). At 1 day and 8 days, retention of bioluminescent signals were measured and expressed as percent of initial peak signal intensities (Figure 4c ). At 1 day post-tail vein injection, 61.8% of MCF-7tau1-luc cells were retained in the lungs, whereas only 15.1% of MCF-7GFP-luc were retained (Po0.02). One week later, 44.4% of the MCF7tau1-luc cells remained trapped in the lungs compared with 12.9% of the MCF-7GFP-luc cells (Po0.05) (Figure 4d ).
Tau is enriched in patient metastases
Given our in vivo data, we examined whether tau was differentially expressed in the matched metastases of primary breast tumors. Immunohistochemistry for tau was performed on tissue microarrays (TMAs) comprised of 102 primary breast carcinomas and matched metastases. Forty one percent of primary breast tumors showed tau staining with a pathological score 1 þ or higher, whereas 52% of the matched metastatic tumors had tau staining of 1 þ or higher. Tau staining was distinguishable between pathological scores of 0 and 1; therefore, tissues were categorized as 0, 1 þ or 2 þ /3 þ ( Figure 5 ). Primary tumors were matched to metastases and assessed by pathological score for gain or loss of tau expression (Table 1) . Twenty six percent (27 patients) showed an increase in tau between their primary and metastatic tumors, with 22 of these patients displaying metastatic expression of tau despite none in their primary tumor. It was noteworthy that none of the 10 patients with strong tau staining (2 þ /3 þ ) in primary tumors showed a reduction of tau in their metastatic tumors. Statistical comparisons of tau expression in the matched patient pairs indicated that tau was significantly increased in the lymph node metastases compared with the primary lesions (generalized McNemar's test; P ¼ 0.0169). The increase in proportion of patients with heavy staining (2 þ /3 þ ) is most pronounced (P ¼ 0.0027). In addition, such increase continues to be significant (P ¼ 0.001) after adjusting for the tumor grade and diagnosis. These 102 patients were also evaluated for vimentin expression within their primary and metastatic tumors. In contrast to tau, which stained within the tumor, vimentin expression was localized to the surrounding stroma of these tumors and almost exclusively separate from tau expression (Supplementary Figure S7 ). Statistical comparison of these tumor Table S2 , Po0.002, McNemar's test).
Discussion
CTCs undergo cytoskeletal rearrangements that enhance their metastatic efficiency, increasing patients' risk of metastatic disease. Previously, we reported that detached mammary epithelial and breast carcinoma cells generate McTNs that facilitate homotypic aggregation and cell reattachment to ECM (Whipple et al., 2007) . McTNs arise from the coordination of detyrosinated tubulin and vimentin and occur more frequently in cells of high metastatic potential (Whipple et al., 2008) . In this study, we investigated how tau, a MAP expressed in a subset of chemotherapy-resistant breast cancers, influences McTNs in detached breast carcinoma cells and contributes to the metastatic efficiency of CTCs. We report that tau enhances the reattachment and microvascular trapping of detached CTCs by stimulating McTNs. In addition, tau is enriched in the metastatic breast tumors of 26% of patients in our cohort. These data support a molecular mechanism of McTN formation and tumor cell metastasis by which tau stabilizes and strengthens microtubules, overcoming the constraining actin cortex, to protrude the plasma membrane for more efficient cell reattachment ( Figure 6 ). Numerous lines of evidence support this proposed mechanism.
We demonstrate that tau expression directly regulates the formation and incidence of McTNs in populations of detached breast epithelial and carcinoma cell lines (Figures 1-3) . The microtubule-stabilizing effect of tau is concentration dependent. In vitro polymerization assays reveal that tau decreases the tubulin critical concentration required for microtubule assembly; thus, the microtubule growth rate increases as the tau concentration increases (Panda et al., 2003; Levy et al., 2005) . Studies of differentiating PC12 cells also reveal that the tau/tubulin ratio increases four-fold during neurite outgrowth (Drubin et al., 1985) . For tauoverexpressing tumor cells, a higher tau/tubulin ratio would yield a larger pool of polymerizing microtubules. Our results that tau overexpression and downregulation directly affect McTN formation and reattachment support our model for tau-induced effects on detached tumor cells. in vivo data also support this model, indicating that McTN-mediated CTC reattachment is dependent upon microtubule stabilization. In addition, increased tau expression is concomitant with an increased range of molecular weight isoforms on tau western blots (Figure 1a ). These bands most likely represent phosphorylated and/or alternatively spliced isoforms. Phosphorylation and splicing regulate the tautubulin association, the latter by altering the number of In addition to stabilization, tau strengthens microtubules (Schaap et al., 2007) . Naked microtubules are the most easily deformed among the three cytoskeletal polymers, withstanding 0.35 nano-Newtons of deforming force before irreversible collapse occurs (Janmey et al., 1991; Schaap et al., 2007) . When tau-bound, individual microtubules can withstand an additional 0.1 nano-Newtons (Schaap et al., 2007) . Tau can also strengthen the microtubule network by bundling microtubule polymers by the N-terminal projection domain (Chen et al., 1992) . Although the mechanism remains controversial, reports suggest that microtubule bundling occurs by antiparallel dimerization of tau projection domains, functionally tethering adjacent microtubules (Rosenberg et al., 2008) . With added stability and strength, tau-decorated microtubules and microtubule bundles can deform the plasma membrane more efficiently, evidenced by morphological distinctions of longer and thicker tau-induced McTNs (Figure 2 ). For attached cells overexpressing tau, plasma membrane deformation is independent of increased microtubule stability, as artificial microtubule stabilization with Taxol fails to induce such projections (Knops et al., 1991) . This is true for suspended cells, as Taxol alone does not increase McTN formation (Balzer et al., 2009) . In contrast, tau alone can increase McTN formation in MCF-10A and MCF-7 cells (Figure 2 ). In combination with LA, Taxol increases McTN frequency equivalent to that of tau-expressing cells treated with LA alone. Clearly, our data elucidate a genetic mechanism by which tau overexpression in CTCs stimulates McTNs through microtubule stabilization, strengthening and bundling (Figures 2 and 6 ). Increased lung microvascular trapping of tau-overexpressing MCF-7 cells, enrichment of tau in 26% of matched metastatic tumors and the dependence of ZR-75-1 cells on endogenous tau for attachment all support a significant biological role for tau upregulation in CTC biology (Figures 3-5) .
Actin cortex integrity influences tau-stimulated McTN formation. In normal cells, the contractility of the actin cortex counteracts the expansion of growing microtubules (Ingber, 2003) . Alterations to either force can drastically change cellular mechanics. Actin cortex weakening increases the plasma membrane deformability of CTCs, which is linked to both tumor progression and metastasis by in vivo observations of CTCs within capillaries and by optical stretcher technology (Weiss, 1991; Remmerbach et al., 2009) . Here, we artificially weakened the actin cortex using LA; however, mutations that alter actin dynamics are frequent among cancers. For example, Src-family kinase mutations lead to defects in actin polymerization and crosslinking that weaken the cortex (Thomas and Brugge, 1997) . Interestingly, evidence suggests that tau induces actin remodeling by priming Src activation, leading to sustained actin breakdown and membrane ruffling ( (Whipple et al., 2008) . Considering the separation of tau and vimentin expression within the cell lines used and within our patient cohort, each may represent independent mechanisms by which CTCs can form McTNs (Supplementary Figure S4 , S7 and Supplementary Table S2) .
CTC reattachment is microtubule-dependent. Suspended cell reattachment is stimulated by increased McTNs, resultant from tau expression in MCF-7, whereas downregulation of endogenous tau in ZR-75-1 reduced attachment. Remarkably, our results from attachment studies in siTau1 and siTau2 correlate identically with the frequency of McTNs in these cells (Figures 3 and 4) . These data are mimicked in vivo, as MCF-7 cells that overexpress tau are more efficiently trapped and retained in lung capillaries, whereas the tau-deficient counterparts are not retained and likely die by shear-induced fragmentation or anoikis. This and previous studies have demonstrated that microtubules and their stability are crucially involved in CTC attachment to the microvasculature of host organs. Korb et al. (2004) observed that HT-29 colon carcinoma cells adhere to blood vessel walls in a microtubuledependent manner that is enhanced by actin disruption. We have established an identical mechanism by which actin disruption significantly enhances microtubuledependent McTNs, which facilitate reattachment of Primary tumors and matched lymph node metastases from 102 patients were assessed for concordance and discordance of tau expression. The generalized McNemar's test statistic is 10.2 with 3 df (P ¼ 0.0169), indicating a significant difference in tau score between the primary tumor and the metastases at significance level 0.05. Dark shaded region emphasizes the number of patients (n ¼ 27, 26%) who displayed increased tau expression in the lymph node metastases. '*' indicates 10 patients with sustained strong tau staining in both primary and metastatic lesions.
suspended cells (Whipple et al., 2007) . Cells with McTNs possess greater surface area; thus, McTNs increase the probability of CTC-ECM attachment by providing a mechanical structure that can breach an endothelial barrier. Interestingly, under flow conditions, it has been shown that selectin-mediated interactions with endothelial cells are insufficient to arrest CTCs and that integrin-mediated contact with the ECM beneath the endothelial cells is required (Haier and Nicolson, 2001 ). Tau-expressing CTCs would be more efficient in this process, as they form more McTNs and are more able to be retained within and to reattach to the microvasculature. Two lines of evidence support for this conclusion. First, the high tau-expressing cell lines used in this study, ZR-75-1 and HCC1428, are derived from patient metastatic tumors (Engel et al., 1978; Gazdar et al., 1998) . Second, tau expression was significantly increased in 26% (27 patients) of the matched lymph node metastases from primary breast tumors ( Figure 5 and Table 1 ). Remarkably, 22 patients displayed tau expression in their metastases, despite a lack of it in their primary tumors. An additional 10 patients retained equivalently intense tau staining (2 þ /3 þ ) over the course of their disease. Given these data, it is important to consider if tau is predictive of tumor metastasis. Although 26% of our patient population possesses enriched tau expression in their metastases, this is not directly indicative of the metastatic potential of the primary tumor. Owing to tumor heterogeneity, metastasis is dependent upon a number of factors within individual tumor cells, not just tau expression, that allow them to be more capable of dissemination. In this study, we address how tau affects the metastatic efficiency in a model of experimentally disseminated CTCs. Intravenously injected CTCs that express tau are more capable of retention and reattachment in the microvasculature through increased McTN formation. Recently, a randomized clinical trial of breast cancer patients treated with doxorubicin, cyclophosphamide and Taxol revealed that tau expression in primary tumors was associated with better disease-free and overall survival (Pusztai et al., 2009) . Although this contradicts previous reports of tau-associated Taxol resistance, only primary tumors were assessed for tau expression. This contrasts with our study that analyzed chemotherapeutic naı¨ve patients matched for primary and metastatic tumors. This removes the complicating factor of different therapeutic interventions. As overall tau expression in primary tumors could indicate a greater risk of metastasis, expanded clinical studies comparing tau expression in early tumors to metastatic tumors after long-term follow-up would be required to address this question. By focusing on matched primary and metastatic lesions, our clinical data currently support a model in which, in a tumor heterogeneous for tau expression, the tumor cells that express tau Figure 6 Model of tau-induced McTN formation. In detached CTCs expressing tau, tau binds to and stabilizes microtubules, inducing microtubule bundling (1) and/or increasing individual polymer strength (2). These microtubules are more able to penetrate the actin cortex due to preexisting defects in actin bundling or tau-induced actin depolymerization by priming of Src phosphorylation (Sharma et al., 2007) . Consequently, microtubules easily deform the plasma membrane into McTNs that increase the ability of the cell to reattach to an ECM and improve metastatic efficiency. In detached CTCs lacking tau, microtubules are more dynamic and weaker; therefore, they are only able to form short McTNs (3) on none at all (4) due to the constriction of the actin cortex, even in the presence of preexisting cortical weaknesses. The lack of tau expression results in decreased efficiency of attachment and metastasis.
would have an increased ability to reattach, as evidenced by the increased lung retention of tau-expressing MCF-7 cells. Collectively, these data indicate that tau may confer a selective advantage to CTCs, allowing for more efficient trapping in the microvasculature than cells that lack tau.
In summary, MAPs have powerful implications for chemotherapy efficacy and metastatic progression. Tau provides taxane-resistance through binding-competition on microtubules . Furthermore, taxanes have been determined to increase CTCs by 10 000-fold among breast cancer patients (Camara et al., 2007) . As CTC persistence is indicative of an increased risk of disease recurrence (Janni et al., 2005) , and tau increases the trapping and reattachment of detached breast tumor cells, pathological evaluation of tau may benefit patients by minimizing metastasis through CTC mobilization. Elucidating the role of tau and other MAPs in cancer may lead to new therapeutics that target MAP expression or the regulation of MAPtubulin interactions. It has been suggested that the expression of neuronal MAPs in non-neuronally derived cancers speak to their origin from stem cell-like precursors (Bhat and Setaluri, 2007) . This raises the potential for collaboration between the neurodegenerative and cancer drug fields. Aberrant regulation of tau leads to neurodegenerative tauopathies. Consequently, numerous tau-targeted compounds have been characterized, some of which are current therapeutics (Bulic et al., 2009) . Promising are two drugs, aziridinylbenzoquinone and albendazole, which can reduce tau expression by 38 and 52%, respectively, without detectable cytotoxicity (Dickey et al., 2006) . As cancer therapeutics, these and other anti-tau drugs may hold potential to inhibit tumor metastasis by reducing tau-induced McTNs.
Materials and methods

Plasmids
Tau vectors were obtained commercially (accession no. BC000558; Genecopoeia, Germantown, MD, USA). Tau or pcDNA 3.1 was transiently co-transfected with a membranetargeted AcGFP1 (GFP-mem, Clontech, Mountain View, CA, USA). For initial McTN evaluation, cells were transfected with GFP-mem only. MAPT short hairpin RNA plasmids (accession no. NM_005910) and an NSC plasmid were obtained commercially (SA Biosciences, Frederick, MD, USA). MCF-7-GFPtau1-luc and MCF-7GFP-luc clones were created using pMSCV-Luciferase PGK-hygro expression vector (Addgene, Cambridge, MA, USA).
Immunofluorescence Suspended cells were centrifuged (300 r.p.m., 5 min) onto 1% poly(ethyleneimine)-coated coverslips (Sigma-Aldrich, St Louis, MO, USA). Fixation/permeabilization was performed as described (Lee and Rook, 1992) . Tau was stained in indirectly using anti-tau antibody (Tau46, 1:1000; Cell Signaling, Danvers, MA, USA) followed by AlexaFluor555-conjugated secondary antibody (1:500; Invitrogen, Carlsbad, CA, USA). After extensive washing, microtubules were stained in directly using AlexaFluor488-conjugated anti-a-tubulin (DM1A, 1:1000; eBioscience, San Diego, CA, USA). AlexaFluor488-conjugated normal mouse IgG served as negative control.
Z-stacks were obtained using an Olympus (Center Valley, PA, USA) FV1000 confocal microscope. Stacks were split for maximum intensity projections using ImageJ (NIH, Bethesda, MD, USA) and adjusted for brightness and contrast using Adobe Photoshop (San Jose, CA, USA).
Western blotting
Western blots were performed as described (Whipple et al., 2007 (Whipple et al., , 2008 . Antibodies were polyclonal anti-human tau (1:2000, Dako, Glostrup, Denmark), monoclonal anti-vimentin (V9; Invitrogen, 1:1000), and monoclonal anti-b-actin (AC-15; Sigma-Aldrich; 1:5000) in 2.5% milk in TBS, 0.5% Tween-20.
McTN evaluation
McTNs were evaluated within a cell population as described (Whipple et al., 2008) . Briefly, cells were detached using Hank's based Enzyme-free Cell Dissociation Solution (Millipore, Billerica, MA, USA) and resuspended in ultra-low attachment plates (Corning, Corning, NY, USA) with 5 mM LA (BioMol, Plymouth Meeting, PA, USA), 1.17 mM Taxol (Invitrogen) or a combination of both. VCs were phenolred-free growth media alone or that supplemented with 0.1% ethanol, 0.1% dimethylsulfoxide, or in combination. For McTN evaluation of ZR-75-1 siTau clones and NSC cells, cells were washed with HBSS and stained with CellMask Orange (5 mg/ml in HBSS; Invitrogen) for 15 min at 37 1C and 5% CO 2 . Cells were washed with HBSS, detached, suspended, and evaluated for McTNs as described above in LA or VC.
Attachment assays
An xCelligence RTCA SP real-time cell sensing device (Roche Applied Science, Indianapolis, IN, USA) assessed attachment. MCF-7, MCF-7tau1, MCF-7tau2, ZR-75-1, siTau1 and siTau2 cells were suspended in media lacking selection antibiotics. Cells (1.0 Â 10 4 ) were transferred in triplicate to 96-well electronic microtiter plates. Attachment was measured as the relative impedance change, cell index, across microelectronic sensors integrated into the uncoated wells of flat-bottom E-plates (Atienza et al., 2006) . MCF-7 and ZR-75-1 served as positive controls. Cell index from each time point was normalized to the maximum cell index attained for the control cell lines at 1 h. Test cell lines were represented as percentage attachment of control.
Experimental metastasis assays MCF-7-GFPtau1-luc and MCF-7-GFP-luc cells were detached in enzyme-free cell dissociation buffer and resuspended at 1 Â 10 6 cells/ml in 1 Â phosphate-buffered saline. Prior to initial injection and imaging, athymic nude-Foxn1 nu mice were injected intraperitoneally with Luciferin (150 mg/kg, Xenogen) and returned to their cages for 5 min to allow for biodistribution. Cells (3 Â 10 5 ) were then injected intravenously into the tail vein of mice restrained by mouse tail illuminator tail vein injection apparatus (Braintree Scientific, Braintree, MA, USA). Mice were anesthetized with 2% isoflurane gas (integrated within the Xenogen IVIS-200 system) and imaged 5 min for a single-photon emission. Total photon flux (photons/s) was calculated and corrected for tissue depth by spectral imaging using Living Image 3.0 software (Xenogen).
Patients
Formalin-fixed and paraffin-embedded TMAs were obtained commercially (US Biomax, Rockville, MD, USA). Tissues were chemotherapeutic naive. Overall, 102 female breast cancer patients were included (age range 27-80 years; mean ¼ 49.5 years). TMAs underwent antigen retrieval before immunohistochemistry using DakoCytomation Autostainer kit (Dako). Antibodies were mouse anti-tau (T46; 1:800; Cell Signaling) and mouse IgG (1:800; Jackson Labs, Bar Harbor, ME, USA) as a negative control. A breast pathologist blindly scored TMAs. Images were obtained using an Olympus BX50 upright microscope equipped with a ProgResC5 Color CCD camera (Jenoptik, Jena, Germany).
Statistics
Significance was measured by t-test (Excel, Microsoft, Redmond, WA, USA). A generalized McNemar's test assessed the association of tau staining with tumor site (primary vs metastases) while adjusting for tumor grade (Splus, Tibco, Palo Alto, CA, USA).
